T HE AUDITORY CORTEX of the dog was first described as a dorsal and a ventral area (I) which were believed to correspond with areas I and II in the cat (1). It was observed that the dorsal area, which is now designated the middle ectosylvian (MES) area, possessed an ordered representation of sound frequency extending from one end to the other with 2 mm subtending an octave in frequency.
On the basis of these early experiments, the ventral area was described as a responsive zone to low frequencies from o. I to 0.8 kc clustered on the anterior ectosylvian gyrus and from I 6 to I 6.0 kc clustered on the posterior ectosylvian gyrus, with the intermediate frequencies presumably scattered over 4 cm of cortex across the sylvian gyrus and within the two segments of the ectosylvian sulcus. The application of strychnine in small patches locally to the cortex (3) permitted determination of the afferent connections for various frequencies, more clearly suggesting that the ectosylvian gyrus could be divided into an anterior (AES), middle (MES), and posterior (PES) area, each lying upon the corresponding segment of the gyrus. No strychnine spikes were obtained from the sylvian gyrus, suggesting that the previously observed potentials were due to fields and not to afferent connections. The afferent connections to the MES area were worked out in detail by using the local application of strychnine (4, 5) . Strychnine was also used to study the connections to the AES area, the arrangement of which had been reported previously in brief (5-8). The present report summarizes the observations in detail. Several additional experiments were performed using the evoked potential and its location in an attempt to define the AES area and its connections more clearly. The thresholds for evoked potentials in the AES and MES areas have been summarized and the sulcus patterns relative to the locations of the evoked potentials have been studied.
METHODS
The experiments were performed on 24 dogs anesthetized with pentobarbital sodium. The right hemisphere was exposed for the strychnine experiments and the left hemisphere for the evoked potentials. The exposed brain was surrounded with cotton soaked in Locke's solution.
The sound system for each ear consisted of a PDR-I o earphone connected to a plastic tube which was inserted into a speculum fastened to the external canal. The entire system was calibrated, using as a standard a W.E. 640 AA condenser microphone.
Intensity levels are given relative to the standard reference level of o db (0.0002 microbars).
For the strychnine experiments, the onsets of pure tones were used as stimuli.
These onsets were obtained by gating the output of a sine wave generator in synchrony with the sweep of the oscilloscope. The onset of the sine wave was suitably rounded to give a rise time of 5-6 cycles (4). For the study of the evoked /' i&j --3.
* . . . . lsr5 . potentials, the sounds consisted of probability (P) pulses2 which consisted of a train of sinusoidal waves with the envelope approaching the normal probability curve. The duration of the P pulse was approximately 5 cycles and represented a practical simplification of the elementary signal described by Gabor (9) for communication analysis. Its band width was approximately 34 octave wide where its amplitude was 3 db below the highest amplitude of the midfrequency and, at approximately 1 x octaves, the amplitude was 40 db below this level.
For the strychnine study, ten electrodes in a linear array with Q-mm spacing were placed on the cortex so that at least one of the electrodes was on the site of the strychnine application.
The strychnine frequency re- sponse curves were obtained by determining the thresholds for the appearance of the strychnine spikes for various frequencies of the sound onsets. The strychnine response curves have been described previously in the analysis of connections to the MES area (4). The ten electrodes were connected through ten preamplifiers to a ten-channel cathode ray oscilloscope. For the study of the evoked potentials, 50 electrodes consisting of o.z-mm stainless steel balls attached to spring steel wires were placed on the auditory cortex in two locations, one covering the MES area and the other covering the AES and most of the PES area. This provided IOO locations for samples of the evoked potential. Records were taken with nine different midfrequencies of the P pulse ranging from .063 to I I .4 kc in I -octave steps. One to three intensity levels were used for each P pulse. The 50 cathode ray tubes were photographed on I6-mm Linagraph Pan film. Ten traces for each stimulus condition were generally superimposed. The median of the ten traces was used as an estimate of the average evoked potential.
Photographs of the electrodes in color were taken to show their location on the brain with respect to the sulci and blood vessels. After the brain was fixed the ectosylvian sulci were dissected to determine their extent. ' - Strychnine studies. Figure  I shows the results of the strychnine applications. Generally, the strychnine was applied to a few positions in the MES area to define its relation to the AES area. The threshold frequencies for each patch are indicated.
The strychnine was only applied at locations where an evoked potential was obtained. The dotted line indicated the division between the AES and MES areas selected on the basis of the results. In two of the experiments (A, H) the frequency representation on the anterior ectosylvian gyrus was limited to values below I .o kc. In the other experiments patches were found with frequencies extending to 4.0 kc or greater.
The 4.o-kc patches were located at some distance from the corresponding patch on the middle ectosylvian gyrus, and generally a deep branch of the anterior ectosylvian sulcus separated the middle ectosylvian gyrus from the anterior ectosylvian gyrus. This sulcus also appeared to separate the two areas. Although the organization in the area was difficult to interpret from the threshold frequencies of the patches, there was a general tendency for low frequencies to be represented near the anterior ectosylvian sulcus, with frequency increasing ventrodorsally toward the suprasylvian sulcus. In two of the experiments, A and B, injections of strychnine were made into the wall of the suprasylvian sulcus at a depth of 2-3 mm, resulting in threshold responses at frequencies higher than observed on the surface near the sulcus. Although ~-mm patches of strychnine were used for most of the study, the band width over which the patches responded varied from I to 3 octaves. Evoked potential studies. cortex to stimulation of right ear with P pulses of midpotentials to lead to confusion between the AES and MES areas. In the MES area, the focus with highamplitude-evoked potentials for a particular frequency of the P pulse remained constant, despite increases in the intensity level of the pulse. The foci shifted in location in systematic manner on changing the frequency, with the foci for low frequencies situated caudally and foci for high frequencies rostrally. As thresholds for the MES area were determined before the AES was explored, the evoked potentials for the ventral region examined were obtained with the same intensity levels used for the MES area. At threshold, evoked potentials were readily obtained in the anterior ectosylvian gyrus (AEG) for frequencies between 0.063 and 0.5 kc, but only an occasional small potential was found on the sylvian (SG) and posterior ectosylvian gyri (PEG). These potentials showed no systematic arrangement.
At higher intensity levels, 20 and 40 db above threshold, evoked potentials were large on the AEG for not only threshold frequencies, but higher frequencies as well. No foci were found on the SG but many small potentials were scattered on the SG and PEG for higher frequencies.
The outline of what is not yet understood, but in numerous experiments there has been a tendency for the lower ends of the high frequency isofrequency strips to extend in this direction.
No obvious connection with the AEG was found for these isolated patches.
The experiment of Fig. 4 is reported in detail because of the long MEG which showed a rather extensive distribution of potentials in the AES area for the entire frequency range and a distinct separation from the MES area. The sulcus pattern for the area is also shown. To display the threshold foci for the area more clearly, Fig. 5 sweeps. The levels were tested in 5-or IO-db steps, and therefore there was a tendency for measurements to cluster, as seen in the graphs. The data were obtained under the following variety of conditions, strychnine or no strychnine, P -pulse or tonal onset, left or right ear, left or right MES area, left or right AES area. Since some of the combinations of conditions only had limited data, analyses of these were not attempted, but the trend of the data was similar to these illustrated. Figures 6A and B show the threshold data for onset, strychnine, R-MES and L-ear, for comparison with the data in the R-AES. The paucity of points above 2.0 kc in the AES was due to lack of cortical locations responding to these frequencies.
The general trend of the data for both MES and AES is similar. The averages for both The arrangement of afferent connections from the ear to the AES area of the dog has been difficult to define even in a large number of experiments. However, the present series of experiments provided enough data to clarify some of the characteristics of the area and to identify it as a unique area, distinct from the MES or some other area.
The characteristics of the area which were used to identify it were a> thresholds comparable to those for the MES area and b) a spatial organization of frequency represen tation fairly compatible with the knowledge of the cochlea.
The thresholds for all the experiments were determined on the basis of the intensity level scale for sounds. Thus, thresholds were on a physical scale rather than on an arbitrary one of voltage or some other parameter. It was discovered early that the thresholds on the AEG were comparable to those in the caudal part of the MEG. As a result of accumulated data over many years, the threshold data for the MES area were well documented and could be counted on for assessing the thresholds in other areas. Since the high-frequency portions of the AES area were not always accessible, the number of comparisons in this region was limited; but, in all experiments where the entire representation of the spectrum was available, the threshold curve in its absolute values and shape agreed with the threshold curve for the MES area. No such consistent sites or thresholds of response were obtained from the SG or the PEG. Because the physical intensity level for sound was used, the data have been compared with those of normal human hearing (I O-I 4) for pure tones. The minimum audible pressure (MAP) curve of Sivian and White (IO) superimposed on the current data ( Fig. 6 ) was in close agreement to the lowest thresholds observed for the MES area of the anesthetized dog, except for the region above 5.0 kc where the thresholds for the dog continued to decrease. It is evident that the threshold data of both MES and AES areas are meaningful in relation to the conventional auditory threshold of human beings.
The importance of the thresholds is further stressed because the AES area was at one time considered comparable to part of A II in the cat (z), which was most clearly demonstrated at stronger electrical stimulus levels than A I, but also required deeper anesthesia. From the present experiments, the thresholds for the AES and MES areas were not believed to be significantly different.
Peculiarities of thresholds were observed. The ears of each animal were examined with an otoscope and only those with a minimum of wax and a normal tympanic membrane were used. This procedure eliminated about 50% of animals from the study. The most common finding was excessive wax in the external canal and frequently the eardrum was ruptured by a barb of grass still encased in the middle ear. For animals tested, typical variations encountered were high thresholds at high frequencies, elevation of thresholds for one ear but not for the other, and elevation of thresholds for both ears. No obvious causes for such variations were found.
The spatial organization of frequency representation in the AES area was studied in two ways: r) by applying strychnine locally and determining the frequency causing a spike at the lowest threshold and 2) by examining the distribution of sites of evoked potentials at the same thresholds observed for the MES area.
The MES area had been studied previously (4, 5) with strychnine, and the connections could be determined with a resolution of about 0.2 mm/o.1 octave. Although disorderly arrangements in the MES area were found, they were not as common as in the AES area. In the AES area, the data obtained at thresholds suggested that the arrangement consisted of low-frequency foci near the ESS or ventrocaudally, and highfrequency foci near the SSS or dorsorostrally. This general pattern was confirmed by Hind (15) for the cat. In some experiments, an arrangement in the form of a straight line was found, but in others a circular arrangement fitted the observations more satisfactorily. Foci for low frequencies (less than 0.5 kc) were generally not distinct for separations of an octave in frequency, but occasionally, as in the MES area, spacings were observed. For frequencies greater than 0.5 kc, a spacing of 1-2 mm/octave was observed, but again in some experiments a single location was found with threshold responses to each octave band of the entire spectrum.
Another feature of the area was the wide spectrum which gave strychnine spikes at threshold for the ~-mm patches tested. It was common to find patches yielding spikes to sound frequencies covering 1-3 octaves, but in extreme cases, spikes were observed at a single patch in the range of 5-6 octaves. In contrast, ~-mm patches in the MES area gave responses regularly between 0.5-1 octaves.
Examination of the arrangement of the threshold foci IQ2 A. R. TUNTURI for evoked potentials on the AEG confirmed the general findings described for strychnine. The advantage of studying the areas with evoked potentials was that the entire cortex could be explored and, consequently, thresholds for all frequencies could be determined on the same animal for both MES and AES areas and for both ears. No, or very few, evoked potentials were found on the SG or PEG. Although P pulses were used in this study rather than onsets, the spectra of both signals were known and hence did not cause any problem in interpretation of the findings. As with strychnine, the locations of the areas were not related very clearly with the sulci. The general procedure was to locate a focus for a particular frequency and determine the remainder of the representation in relation to it. The spatial relation between foci for different frequencies remained relatively invariant from one animal to another. Some orderly pattern was therefore sought in both areas, since a direct copy of the frequency arrangement (10-14) in the cochlea and at lower levels of the nervous system (16) of the posterior ectosylvian sulcus either entered the lower margin of the MES area or, in some cases, were found caudal to the low-frequency portion of the MES area. In the former case, the foci in the MES area were deranged, with an extension of the ventral ends of the high-frequency foci (2.0-8.0 kc) more caudally.
This was particularly evident in one case where the ventral ends of most of the isofrequency contours appeared to cluster in the vicinity of a Yshaped sulcus. It is not known whether the afferents have been carried into the walls of the sulcus in this example, but in a previous work (4) it was reported that a sulcus 2 mm deep was responsible for the loss of about 295 octaves from the surface representation of frequency in the sensitive part of the MES area. A sulcus, by its invagination or folding, may carry the afferent connections into its walls much as a folded sheet of paper carries the printing into the fold. Recently, Gross and Small (23) have tried to relate foci of evoked potentials in the cat to some anatomical structure, such as sulci. Relation of the areas to sulci in the dog have proved to be so variable that only the relation of the frequency foci with each other in one animal were considered relatively invariant. Another reason for examining the sulci was to determine the depths of the AES and PES, because these two sulci separated the original ventral area (I) in the dog and the A II (2) in the cat into three parts or, if the frequency representation was folded into the sulci, the sulci would have increased the length of the area to about three times that of the MES area. As originally conceived, area A II was given equal representation for apex, middle, and base, whereas the base involved two-thirds of the most important part of the cochlea (24) (25) (26) (27) (28) (29) (30) and frequency representation in the MES area. Figure  7 shows the basic J-I relation between the cochlea and the MES area. The base is important to human speech communication because 90% of speech intelligence is determined by frequencies greater than I ,o kc, but 80 % of power is carried below I .o kc (30) . On this basis, it is difficult to accept the idea that the I93 apex and midd .le turns were provided with two-thirds of the cortical representation of the cochlea, as suggested by A II in the cat. The basal portion has not been clearly defined for A II in the cat ( 
